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Abstract 
By tomography of GNSS slant delay data the refractivity fields of the atmosphere can 
be reconstructed. The resolution of the tomography field is about 40 km in horizontal 
and several 100 m in vertical direction. In 2009 about 270 GNSS stations were 
available in Germany. The tomographically reconstructed humidity fields have to be 
validated with other observation methods which are able to detect the refractivity 
profiles of the atmosphere. The data used to compare is from radiosonde soundings, by 
which the refractivity can be calculated. The first results of the comparison of GNSS 
data with radiosonde data from two radiosonde stations in Germany are shown. 
Zusammenfassung 
Mittels Tomographie der Laufzeitverzögerungen von GNSS-Daten können die 
Refraktivitätsfelder der Atmosphäre rekonstruiert werden. Die Auflösung des 
tomographischen Gitters beträgt circa 40 km in horizontaler und einige 100 m in 
vertikaler Richtung. Im Jahr 2009 waren in Deutschland Daten von etwa 270 GNSS-
Stationen verfügbar. Die tomographisch rekonstruierten Feuchtefelder müssen durch 
andere Messmethoden, die ebenso die Refraktivitätsprofile der Atmosphäre erfassen 
können, validiert werden. In diesem Fall wurden dazu Vergleichsdaten von 
Radiosondenaufstiegen genutzt, aus denen die Refraktivität berechnet werden kann. Es 
werden die ersten Resultate des Vergleichs zwischen GNSS-Daten und Daten zweier 
Radiosondenstationen in Deutschland dargestellt. 
1 Introduction 
High resolution weather forecast models require realistic initialization of the synoptic 
fields. A problem is however that there is a lack of spatially resolved humidity 
information. This especially holds true on the vertical profile of the water vapor 
distribution, which is required to make realistic quantitative precipitation forecasts. 
Such observations with a sufficiently high spatial resolution can only be provided by 
remote sensing techniques (Bender et al., 2000). 
One technique which has recently become widely used is the Global navigation 
satellite systems (GNSS) based atmosphere sounding. By 2010 the Global Positioning 
System (GPS) was the only GNSS being fully operational. Further GNSS like the 
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European Union’s Galileo positioning system, scheduled to be fully operational by 
2020 at the earliest, are being planned (ESA, 2002). 
Several European weather services make use of the GNSS data to improve their 
operational weather forecasts. Currently the Zenith total delays (ZTDs) or the 
integrated water vapor (IWV) are assimilated operationally. Since 2002 the ZTD and 
IWV data of an increasing number of German and European GPS stations have been 
available from the German Research Center for Geosciences (GFZ) in Potsdam 
(Bender et al., 2011). 
Concerning the IWV, it is a measure of the total amount of water vapor above a certain 
station. A dense network of GPS stations (≈ 270 Germany GNSS stations in 2009) 
provide detailed information on the horizontal water vapor distribution. However, 
there is no information about the vertical profile. Therefore the GFZ developed a 
GPS water vapor tomography system in cooperation with the Institute of Meteorology 
of the Leipzig University (LIM) which is able to reconstruct refractivity or humidity 
fields from Slant total delays (STDs). The system works in near real-time and provides 
spatially resolved fields with a temporal resolution of less than one hour. 
The basic observations required by the GPS tomography are the STD data, which are 
provided by an operational GPS processing system. The temporal resolution of the 
slant delays is 2.5 minutes. The resolution of the tomography system is about 
30 minutes with a horizontal resolution of 40 km and a vertical resolution of 500 m or 
even higher. Several quantities such as the refraction index, the wet refractivity or the 
absolute humidity can be reconstructed from slant delay data. In this work the wet 
refractivity was reconstructed from the slant wet delays (SWDs) as it is closely related 
to the absolute humidity of the atmosphere and only assumptions about the pressure 
profile have to be made. In order to receive the wet refractivity, information about the 
SWDs have to be estimated. They can be obtained by using the Saastamoinen model 
(Saastamoinen, 1972, 1973) and surface meteorological observations. Meteorological 
observations can also be used to initialize the tomography and to estimate the initial 
atmospheric state (Bender et al., 2011). 
In order to validate the results of the GPS tomography, especially the profiles of the 
wet refractivity, radiosonde soundings were used. Radiosonde soundings provide all 
observations necessary to obtain the wet refractivity. 
2 GPS Atmosphere Sounding 
The GPS satellites transmit two signals in the microwave range with frequencies of 
L1 ≈ 1,575 GHz and L2 ≈ 1,227 GHz. GPS processing techniques provide the STDs of 
the GPS signal between the satellite and the receiver. The propagation of the signal 
and especially the signal path depends on the refraction index of air. According to 
Fermat principle, the signal propagates along the path with the minimum optical path 
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length. Due to the fact that the atmosphere is an inhomogeneous medium this does not 
correspond to a straight line like a geometrical ray path. Earth’s atmosphere increases 
the optical path length between the satellite and the receiver (Bevis et al., 1992). 
Both the ionosphere and the neutral atmosphere (troposphere and stratosphere) 
introduce propagation delays into the GPS signal (Bevis et al., 1992). The slant delay 
in the ionosphere depends on the concentration of free electrons and the frequency of 
the signal. Because the ionosphere is a dispersive medium this delay can be removed 
by a linear combination of both observations. The delay associated with the neutral 
atmosphere is effectively nondispersive at GPS frequencies and can therefore not be 
corrected in this way (Bevis et al., 1992). Here the delay results from refraction and 
diffraction in the atmosphere. The neutral atmosphere consists of dry gases and water 
vapor. The components are polarized by the electromagnetic field and water vapor 
itself has a dipole moment which contributes to its refractivity. For microwaves the 
refractivity is dominated by its dipole moment. The dipole component of the water 
vapor refractivity can be separated from the nondipole components of the refractivity’s 
of the water vapor and other constituents of the atmosphere. The delay, caused by the 
water vapor, is called wet delay, the other one hydrostatic delay. Both delays increase 
from zenith direction to lower elevation angles approximately inverse with the sine of 
the elevation angle. The hydrostatic delay for zenith direction has a value of about 
2.3 m and sea level. The wet delay is about 0 – 10% of the hydrostatic delay. In arid 
areas it could be nearly zero (Bevis et al., 1992). 
2.1 GPS Tomopgraphy 
Slant delays are usually expressed as excess phase length, i. e. the path delay 
multiplied by the vacuum speed of light. The excess phase length as compared to 
undisturbed propagation in vacuum is given by 
 




where L is the curved path, n(s) the refraction index as a function of the position s 
along the path, G is the geometrical path length and S the path length along L. While 
the first term is due to the slowing effect, the second represents the bending term, 
which is usually negligible. Equation 2.1 can be given in terms of the atmospheric 
refractivity N, defined by Bevis et al. (1992) with the Slant Total Delay STD: 
 
                                          . 
(2.2) 
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In case of the GPS tomography the STDs represent the measured values while the 
refractivity field has to be reconstructed from a large number of such observations. 
The problem is an inverse problem and it turns out to be ill-posed, i.e. solutions are in 
general not unique and not stable (Bender et. al, 2010). The tomography system used 
in this work is described in Bender et al. (2010). 
The empirical Smith and Weintraub formula gives the refractivity as a function of 
several atmospheric quantities: 
      
  
       
 
       
 
     
(2.3) 




/hPa, pd and e are the partial 
pressures for dry air and water vapor in hPa and T is the temperature in Kelvin 
(Bevis et al., 1994). Different quantities of the empirical constants k1, k2 and k3 have 
been published (Bevis et al., 1994; Healy, 2011). The first term of Equation 2.3 
defines the hydrostatic refractivity and the following two terms describe the wet 
refractivity Nwet. The hydrostatic refractivity is given by the dielectric polarization of 
the nonpolar gases while the wet term has dielectric and paraelectric contributions 
from the water molecules, the latter being the dominant term. 
In order to reconstruct the Nwet field using the GPS tomography the SWD must be 
separated from the STD. This is done by calculating the Slant hydrostatic delay (SHD) 
with the Saastamoinen model, which requires precise surface pressure information 
(Bevis et al., 1992). The Saastamoinen model makes certain assumptions about the 
vertical pressure profile which in general introduce an additional error into the SWD 
data. Further assumptions about the temperature profile must be made to derive the 
slant integrated water vapor which would be required to reconstruct the absolute 
humidity. As the tomography is very sensitive to small variations in the input data the 
Nwet field is reconstructed in this work. The field of the absolute humidity can easily be 
obtained from Nwet making the same assumptions as required to estimate the Slant 
integrated water vapor (SIWV) but without introducing further uncertainties into the 
tomography. 
The basic equation to be solved by the tomography is 
 
                            
(2.4) 
This equation can be discretised and linearised using a spatial grid and neglecting the 
ray bending, which leads to the linear equation 
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(2.5) 
where m are the observations (SWDs and possibly some meteorological observations), 
x is the unknown state vector (Nwet field) and A is the kernel matrix containing the sub-
paths of each slant path in each grid cell. The equation can be solved by several 
reconstruction techniques, see for example Bender et al. (2010, 2010). 
A large impact on the quality of the results has the initial field, which can be 
implemented with several methods. First it can be used the standard atmosphere as a 
first guess. More realistic results can be obtained by using the synoptic observations 
and extrapolating them in a three dimensional field of Nwet. Another possibility is to 
take an analysis field or a forecast of a numerical weather model. The importance of 
the initial field is inter alia caused by situations where more than 50% of the voxel are 
not touched by any slant path and will therefore retain their initial value. This can be 
smoothed a little by applying inter voxel constraints but wrong initial assumptions 
considerably reduce the quality of the results (Bender et al., 2011). 
The GNSS data processing at the GFZ works in near real-time. It provides ZTDs, IWV 
and slant delay data operationally. With this large data set of more than 50000 slants 
per hour the spatially resolved humidity fields are reconstructed by means of 
tomographic techniques. It can be expected that the additional observations from the 
future Galileo system will improve the quality of the results. It was demonstrated in a 
study that by combining the data of the three satellite systems GPS, Galileo and the 
Russian Glonass-system the spatiotemporal resolution of the reconstructed humidity 
fields can be increased up to 30 km horizontally, 300 m vertically and 15 minutes 
temporally. 
3 Comparison of Vertical Profiles Obtained from Radio Soundings and GPS 
Tomography 
The results presented below were derived from radiosonde soundings and GPS 
tomography for July 2007. The GPS tomography data were provided by the GFZ in 
Potsdam and the data from the radiosondes were provided by the Deutsche 
Wetterdienst (DWD). The vertical resolution of the reconstructed Nwet fields is 500 m. 
In order to compare the tomographically reconstructed profiles with radiosonde 
observations the gridded tomography data were interpolated to the radiosonde 
observations using a bilinear horizontal interpolation and an exponential vertical 
interpolation. It must be pointed out that the tomography reconstructs voxel means, 
i. e. mean values for ~40 x 40 x 0.5 km grid cells which are difficult to compare with 
the radiosonde point observations. 
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The altitudes which especially should be analyzed are in the range of 0 – 2000 m 
above the stations, because in this range the atmospheric boundary layer is present; 
however also higher altitudes are displayed. 
Figures 3.1 and 3.2 show the profiles of Nwet, given by the radiosonde and the GPS 
tomography at the site of Emden and Meiningen. Figure 3.1 shows the values of 
Emden, Figure 3.2 the profiles of Meiningen. In all 4 graphs the profiles of the 
radiosonde and the GPS tomography show good correlations. In 3 out of 4 graphs the 
GPS tomography overestimates the values of Nwet in the lowest 500 m over the 
stations. This is caused by the bad initialization of the tomography. Above 500 m the 
differences between the radiosonde and the GPS tomography are very small, except at 
a height interval from 2000 – 3000 m on the right picture of Figure 3.1 where the GPS 
tomography overestimates the values of the radiosonde sounding. 
 
 
Fig. 3.1: Profiles of Nwet versus the altitude (m.a.s.l.) at the site of Emden from radiosondes 
and the GPS tomography. On the left side the values from the 1
th
 of July 2007 at 00 UTC 
and on the right side the values from the 13
th
 of July 2007 at 00 UTC are displayed. 
 
  
Fig. 3.2: Profiles of Nwet versus the altitude (m.a.s.l.) at the side of Idar-Oberstein from 
radiosondes and the GPS tomography. On the left side the values from the 1
th
 of July 2007 
at 00 UTC and on the right side the values from the 13
th
 of July 2007 at 00 UTC are 
displayed. 
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The other days of July 2007 (not displayed here) show similar correlations between the 
radiosonde and the GPS tomography. This can be seen in Figure 3.3, which compares 
the data pairs of Nwet from the radiosonde and the GPS tomography for July 2007 at 12 
UTC from Emden. There were plotted the values of Nwet from the radiosonde versus 
the GPS tomography for each vertical layer between 0 - 0,5 km, 0,5 -1 km, 1 – 1,5 km 
and 1,5 – 2 km over station. The graph shows that the correlation of the radiosonde 
and the tomography gets significantly higher at altitudes above 500 m over the 
stations. The same tendencies can be observed in the depictions of 00 UTC (not 
displayed here). The standard deviation of the lower altitudes is larger (or nearly the 
same at higher levels than h1) than the ones from higher altitudes as well (σ(h1) > σ(h2) 
≥ σ(h3) ≥ σ(h4)). It can also be seen that the differences between the radiosonde and the 
GPS tomography become smaller at higher altitudes. But there also occur some 
significantly differences (for example Nwet(radiosonde) ≈ 80 and Nwet(tomography) ≈ 
110). They cause due to not filtering the data before. That means that there were 
sometimes insufficient observations to get an expedient solution or there were no slant 
data available in some regions. 
Figure 3.4 also shows these data pairs for Meiningen for the same time as above. 
There seem to be no significant difference in the results, so that the method of 
GPS tomography seems to be stable not only for one station but also for another 
station. To validate this other radiosonde stations have to be involved in this study and 
have also to be analyzed. 
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Fig. 3.3: Displayed are data pairs of Nwet resulting from radiosonde data versus data from 
GPS tomography at the side of Emden from July 2007 at 12 UTC. Each data symbol 
corresponds to a vertical layer illustrated in the legend. The arithmetic average of the 
standard deviations of the data pairs from one vertical layer is displayed by lines. 
 
      
Fig. 3.4: Same as Figure 3.3, but for Meiningen. 
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4 Conclusions 
In order to validate wet refractivity profiles derived by GNSS tomography the profiles 
were compared with data from radiosonde soundings. This has been done in this study 
in the cause of one month (July 2007) and carried out for two radiosonde stations 
(Emden and Meiningen). 
The results of the comparison show good correlations between the values of the GPS 
tomography and the radiosonde soundings. The higher differences in the values in the 
first height layer (0 – 500 m above station) result from the bad initialization of the 
tomography. Above this layer the differences become smaller. 
There have to be made further analysis by filtering the data of the GPS tomography 
concerning about the times of insufficient observations and availability of the slant 
data. There also have to be carried out all available radiosonde stations (13 in 2007 in 
Germany) with the aim to get a characteristic value, which will be able to describe the 
quality of the profiles derived by the GPS tomography. 
So far it could be said that the GPS tomography seems to be an applicable method for 
receiving the vertical profile of the water vapor distribution in the atmosphere. 
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